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Abstract We demonstrate the demodulation of an eigenvalue-modulated signal combining an artificial
neural network with a CFO compensation. The proposed demodulator achieves successful demodula-
tion with power penalty < 1 dB in the presence of CFO within 1 GHz at 2.5 Gb/s in experiments.

Introduction

Optical eigenvalue modulation[1] that is based
on the inverse scattering transform (IST)[2] is a
promising approach for overcoming the nonlin-
ear Kerr limit in optical fiber communication sys-
tems[3]–[12]. In recent years, the IST has become
well-known as a nonlinear Fourier Transform
(NFT). The eigenvalues of the eigenvalue equa-
tion associated with the nonlinear Schrödinger
equation (NLSE) are invariant even though the
signal waveform and frequency spectrum change
during propagation in optical fiber.

To increase the transmission capacity, various
eigenvalue modulation schemes have been pro-
posed, such as the on-off encoding of multi-
eigenvalues[4],[5] and phase shift keying modu-
lation of the spectral amplitude for multi-soliton
pulses[6]. Furthermore, to facilitate improvement
in the received power margin, several recent stud-
ies have investigated machine learning-based de-
modulation methods for eigenvalue modulation,
such as classification[7]–[9] and equalization[10],[11].
Demodulation methods based on time-domain
(TD) artificial neural networks (ANNs) outper-
formed the conventional IST-based demodulation
method in terms of the bit error rate (BER) perfor-
mance with a large power margin[7],[8]. Moreover,
we proposed an eigenvalue domain (ED)-ANN-
based demodulation method, which does not re-
quire model training for each transmission dis-
tance[9]. However, a detailed analysis of the ef-
fects of the carrier frequency offset (CFO) on ANN
receiver for eigenvalue-modulated signal is yet to
be reported.

In this paper, we numerically and experi-
mentally investigate the generalization perfor-
mances of ED-ANN-based demodulator on CFO.
Moreover, we propose to combine an ED-ANN-
based demodulator with a CFO compensation
method based on IST. The proposed demodula-

tor achieves successful demodulation with power
penalty < 1 dB in the presence of CFO within 1
GHz at 2.5 Gb/s in experiments.

Eigenvalue modulation and demodulation
In this work, we employed eigenvalue modula-
tion with on-off encoding[5] of four eigenvalues
(N = 4) and an ED-ANN based-demodulator.
Fig. 1 shows the modulation and demodulation
schemes. This modulation begins with a se-
quence (seq.) of N bits encoded into an eigen-
value pattern, which is the on-off state of the com-
plex eigenvalue ζn. Next, the encoded eigenvalue
pattern is converted into an input pulse by using
IST[2]. Then, the converted pulse corresponds to
a symbol carrying N information bits. The optical
eigenvalue-modulated signal is transmitted over
the optical fiber transmission line. At the receiver,
the received pulse is converted into an eigenvalue
pattern using IST. The real and imaginary parts
of the detected eigenvalues are input to the ANN,
which outputs the probability parameter of the bit
seq. that corresponds to the detected eigenvalue
pattern. For a sampling rate of 32 samples per
pulse, the number of detected eigenvalues includ-
ing the continuous spectrum, is also 32, and there
are 64 input elements comprising 32 real and 32
imaginary parts of those eigenvalues. The num-
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Fig. 1: Eigenvalue modulation and demodulation[9]
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Fig. 2: Overview of the proposed CFO compensation

ber of output elements is 16, corresponding to the
number of eigenvalue patterns (i.e. 24 = 16).

CFO compensation
To emphasize the generalization performance of
the CFO, we propose the combining a CFO esti-
mation method in ED with the ED-ANN demodu-
lator. In related work[12], CFO is estimated in the
ED and compensated in the scattering parameter
b(ζ) domain for b-modulation. It is expected that
the CFO estimation in the ED is more accurate
than that in linear frequency domain particularly
for CFO below a half of baudrate. In this work,
we estimate CFO in the ED and compensate it in
the TD for an on-off encoded signal to suppress
eigenvalue position slips at high soliton frequency.

Fig. 2 shows an overview of the proposed CFO
compensation method. In the eigenvalue domain,
the real part of the eigenvalue Re[ζ] refers to the
soliton frequency[3]. Regarding the frequency off-
set, the following relationship between the TD sig-
nal u(T ) and eigenvalue ζ is well-known,

u(T ) exp(−i2πFT ) ⇐⇒ ζ − πF, (1)

where u(T ), T and F represent the normalized
complex amplitude, time, and frequency, respec-
tively. Hence, the frequency offset foffset in the
actual TD is converted to a shift Δζreal of the real
part of the eigenvalue in the ED. In the proposed
method, the estimated frequency f̂offset is ob-
tained from the eigenvalues ζtrain and ζpilot of the
training pulse and pilot pulses,

f̂offset =
Δζreal
πt0

=
Re[ζtrain]− Re[ζpilot]

πt0
, (2)

where t0 is the base time satisfying T = t/t0 and
t is the actual time. The CFO of the test data is
compensated for in TD by using the estimated fre-
quency offset f̂offset. For a practical system, the
ED-ANN can cover CFO fluctuations by inserting
periodic pilot soliton pulses.
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Fig. 3: Simulation model

Simulations

Fig. 3 shows the simulation model. For eigen-
value modulation, we used the four optical eigen-
values ζ = {−0.25 + i0.25, 0.25 + i0.25,−0.25 +

i0.5, 0.25 + i0.5} ∈ C. The modulation was per-
formed at 10 Gsample/s, the pulse duration was
1.6 ns, and the bit rate was 2.5 Gb/s. We con-
firmed the B-to-B operation to demonstrate its util-
ity. We assumed that the phase noise was negli-
gible, and that the CFO was constant in each BER
test.

ANN configuration and parameters for demodu-
lation (demod.) are described in the previous sec-
tion. We used a three-layer perceptron configura-
tion and a rectified linear unit activation function.
The number of hidden units was set to 256. We
used the soft max function as the output function,
and the cross-entropy error function as the loss
function. We prepared a block signal that con-
sists of 32 pulses of the pilot signal, 2,468 pulses
of the dummy signal, random pulse sequences
of 10,000 for the training and 50,000 pulses for
the validation and BER tests. The block signal
length was 100 μs. The ANN was trained us-
ing the Adam optimizer[13], and the training data
was uniformly extracted from available data sets
with OSNR values in the 0–20 dB range. To avoid
over-fitting, the training was terminated when the
validation result (obtained once every 50 epochs)
ceased to improve[14]. For CFO compensation
(comp.), we used 32 pilot pulses having the eigen-
value pattern “0010” (ζ = 0.25 + i0.25).

Fig. 4 shows the BER curves obtained using
test data of various CFOs and the ED-ANN de-
modulator trained with training data of CFO=0
Hz. The ED-ANN without CFO compensation
is valid for a CFO below 125 MHz with a small
power penalty < 1 dB under the modulation con-
ditions of this simulation. For CFO values over
1 GHz without CFO compensation, the ED-ANN
trained with data of CFO=0 Hz cannot demod-
ulate the received signal because of the large
eigenvalue shift as shown in Fig. 5(a). Using



(a) Without CFO comp. (b) With CFO comp.
Fig. 4: BER curves in the simulation

0Hz

2.5GHz

250MHz

CFO 0010 1111

Shift Shift

(a) Without CFO comp.

1GHz

(b) With CFO comp.

0Hz

2.5GHz

250MHz

CFO 0010 1111

1GHz

Fig. 5: Detected eigenvalue patterns (OSNR=14.4 dB)

the proposed CFO compensation, we can see
that the eigenvalue shifts Δζreal are compensated
from Fig. 5(b). As a result, the ED-ANN de-
modulator with CFO compensation achieved a
successful demodulation with almost no OSNR
penalty in the presence of CFO within 2.5 GHz.

Experiments
Fig. 6 shows an experimental set up for demon-
stration of the proposed CFO compensation and
ED-ANN demodulation. For eigenvalue modula-
tion, the same eigenvalue pattern comprising four
optical eigenvalues and modulation conditions
described in the previous section for the simula-
tion were considered. An eigenvalue-modulated
signal was generated by an offline digital sig-
nal processing (DSP). The optical signal was
generated using an arbitrary waveform generator
(AWG) and an IQ modulator. The amplified spon-
taneous emission (ASE) noise source before the
receiver was used to measure the BER curves.
At the receiver, the required DSP for demodula-
tion was performed offline at 20 Gsample/s. ANN
configuration, training condition, and CFO com-
pensation parameters were maintained identical
to those described in the simulation. We changed
the CFO by adjusting wavelength of the local os-
cillator (LO) light. When the set point of wave-
length λLO of the LO was 1550.012 nm, the CFO
was minimized. Hence, the ED-ANN was trained
for λLO=1550.012 nm and the test data were col-
lected in the range of λLO=1550.012–1550.032
nm.

Fig. 7 shows the BER curves with varying
wavelengths of LO. Δλ denotes the difference in
wavelength between the training and test data.
Without the CFO compensation, a large OSNR
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Fig. 7: BER curves in the experiments
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penalty due to the eigenvalue shift was observed
for Δλ over 2 pm (∼250 MHz). On the other
hand, the ED-ANN with CFO compensation can
demodulate an eigenvalue-modulated signal even
for Δλ = 20 pm (∼2.5 GHz). The OSNR re-
quiered to achieve the forward error correction
(FEC) limit of 3.8 × 10−3 is shown in Fig. 8. By
using the proposed CFO compensation method,
the OSNR penalty at the FEC limit can be sup-
pressed below 1 dB when Δλ < 8 pm (∼1 GHz).

Conclusions
We proposed the demodulation of an eigenvalue-
modulated signal by combining an ED-ANN with
an IST-based CFO compensation method. By
performing both numerical simulations and proof-
of-concept experiments, we successfully demon-
strated a demodulation with OSNR penalty < 1dB
in the presence of CFO within 1 GHz at 2.5 Gb/s.
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